ABSTRACT The immature development and morphological characteristics of Opius caricivorae Fischer (Hymenoptera: Braconidae), an endoparasitoid of dipteran leafminers, were studied under laboratory conditions at 25ЊC constant temperature on the host Liriomyza sativae Blanchard (Diptera: Agromyzidae). Most of the parasitoid females prefer to oviposit into the third instars of the host. They always laid a single egg per ovipositor insertion and superparasitized the same host in a few occasions when hosts were limited. Parasitoid eggs are of the hymenopteriform type. During the embryonic development (49 h) the eggs increased in size more than two-fold. Five instars occurred in this species. The Þrst instar is of the caudate-mandibulate type bearing falcate appendages, whereas the second to Þfth instars are hymenopteriform with simple mandibles, and they are similar to each other. The Þrst instar remains inside its chorion after hatching until it molts into a second instar. A new structure, namely, transverse sclerite, in the cephalic structure of the Þfth instar was found located between the maxillary palpi. Under laboratory conditions, the duration of the total immature stages lasted Ϸ327 h. The immature stages are described and illustrated using light microscopy, and they are compared with those of other apocritan parasitoids.
Liriomyza sativae Blanchard (Diptera: Agromyzidae), the vegetable leafminer or serpentine leafminer, is considered a cosmopolitan pest and a serious threat to agriculture and horticulture in the world (Spencer 1973 , Kang 1996 . It is widely distributed in Ͼ40 countries and areas of America, Oceania, Africa, and Asia, and at least 30 countries and areas have suffered heavy economic losses (Deeming 1992 , Oudman et al. 1995 . In Hawaii, the losses reached $11.7 million on vegetables in 1975 (Schuster et al. 1976) ; and in California, the pest caused $93 million in losses to chrysanthemum horticulture from 1981 to 1985 (Parrella 1987) . L. sativae was discovered in Hainan province, China, for the Þrst time in 1994 (Weng et al. 1996) , and then it rapidly spread to almost the whole country, except a few areas, becoming a serious problem in vegetable production (Kang 1996) . More than 440 million RMB (Renminbin) have been spent on controlling this pest every year in China since 1994.
Natural enemies of Liriomyza are the signiÞcant population control agents in natural environments. Parasitic wasps are a major pressure (Parrella 1987 , Kang 1996 , and they have played an important role in leafminer suppression in natural ecosystems and cultivated Þelds with little or no use of insecticide (Johnson et al. 1980a (Johnson et al. , 1980b Kang 1996) . More than 100 parasitoid species have been reported parasitizing leafminers worldwide (Chen et al. 2001) , and several intensive surveys of the parasitoids of L. sativae have been conducted (Johnson et al. 1980c , Loini and Foerster 1985 , Chien and Ku 1998 , Xu et al. 1999 , Chen et al. 2001 . At least 50 parasitoids of L. sativae have been reported previously (Chen et al. 2001) . Most of them are divided into two types: larval and larvalÐ pupal endoparasitoid (Xu and Zeng 1998 , Xu et al. 1999 , Chen et al. 2001 .
Opius caricivorae Fischer (Hymenoptera: Braconidae) is the most abundant parasitoid species of L. sativae in vegetable Þelds in southeastern China . It is a larvalÐpupal endoparasitoid. Some biological characteristics of adult O. caricivorae, parasitoid-associated factors, and their physiological effects on the host had been reported previously (Yin et al. 2003 , Wan et al. 2005 . Nevertheless, knowledge of the developmental biology, immature morphology, and hostÐparasitoid relationships of this parasitoid still remains largely unknown. This study was designed to provide basic information on morphology and development of immature stages of O. caricivorae.
Materials and Methods
The parasitoid O. caricivorae was reared on L. sativae. Host leafminers were maintained on potted bean plants, Phaseolus vulgaris L. Leafminer and parasitoid cultures were kept in separate environmental cham-bers, both at 25 Ϯ 0.5ЊC, 75 Ϯ 5% RH, and a photoperiod of 14:10 (L:D) h. Both cultures were started in 2001, with insects collected from leaves of vegetables in a suburban area of Hangzhou, China. On several occasions, some of Þeld-collected parasitoids and leafminer adults were individually identiÞed and then introduced into the colony.
Synchronized cohorts of host leafminers were produced by leaving leafminer females to lay eggs on broad bean plant for 2Ð3 h in a 55-by 55-by 55-cm holding cages. The beans were then removed, and the progeny produced over this time interval was maintained on the same plants at 28 Ϯ 0.5ЊC, 75 Ϯ 5% RH, and a photoperiod of 14:10 (L:D) h. Detached leaves with abundant second to third instars were introduced into 15-by 90-mm petri dishes. Mated adult females were placed on the detached leaves for Ϸ2 h. Leaf petioles were wrapped in moist cotton to maintain leaf turgidity. Mated adult females were obtained by conÞning one newly emerged female with two or three males in a 10-by 100-mm glass vial for Ϸ8 h. Threeday-old parasitoid females were used in all experiments.
Parasitized leafminer larvae or pupae were dissected in RingerÕs solution at different time intervals from the time of the parasitoid laying eggs to becoming pupae to obtain the egg, larvae of different instars, prepupae, and pupae of the parasitoid. To observe all embryonic stages of development, parasitized host larvae were dissected at 4-h intervals. Twenty to 30 replicates of different stages were observed and measured (Table 1) , and the developmental times were recorded. All dissections and observations were processed with Leica MZ16A stereomicroscope and Leica IDM IRB microscope. All photographs were taken and measured with Leica IM 1000 system. TukeyÕs test (P Ͻ 0.05) was used to discriminate signiÞcant differences among means performed by STATISTICA (Statsoft, Tulsa, OK).
Results
Development. Adult wasps of O. caricivorae were often seen in vegetable Þelds during the leafminer L. sativae outbreaks. In the laboratory, when exposed to bean leafs that exhibited mines of leafminer larvae, the female wasp usually followed the host trail while vigorously palpating with her antennae and probing by inserting her ovipositor. Once the female discovered the host, she would choose to lay an egg, feed, or discard the host. If the host was acceptable for oviposition, the female wasp grasped the leaf surface Þrmly, bent her body, slightly raised her head, and inserted her ovipositor into the host, swayed her abdomen right to left, and then kept her body stationary for 1Ð2 min with shaking her antennae lightly (Fig.  1A) . Once the female wasp had laid her eggs, she quickly withdrew her ovipositor and then relaxed her body and cleaned her antennae and wings with her legs. She resumed another action of host searching shortly after one oviposition. Female wasps always laid a single egg per ovipositor insertion. Although only one parasitoid larva developed into its maturity in one host pupa, different females were observed to deposit eggs in one same leafminer larva, and the same female was observed to superparasitize the same host. One host larva may have at most Þve parasitoid eggs within its body, and on average 5.0 Ϯ 2.6% of the host larvae would be superparasitized in 24 h if 20 larvae/leaf density host was provided for only one female wasp. This suggests that this parasitoid could not discriminate hosts that were already parasitized by a conspeciÞc female and even by self. In most cases, one female completed one action of oviposition in 4 Ð 6 min, including searching the host.
If the host was acceptable for feeding, the female wasp usually pricked a hole on the dorsal surface of the host abdomen by using her ovipositor, and then she lowered her head to absorb host nutrition from the perforation. Female wasps preferred third instars for feeding or oviposition. When she fed on the host, she often attacked the same host four to seven times in succession. Females killed on average 16.3 Ϯ 3.6% of leafminer larvae only by host feeding.
The egg was free in the hemocoel and hatched between 46 and 52 h after oviposition. The embryo hatched into Þrst instar (L1) just before or shortly after pupation of the host. When the Þrst instar hatched, it used the spiculate tail to pierce the chorion Þrstly and then used its mandibles to pierce the chorion to bare its head. The L1 (lasting 22Ð30 h) remained inside its chorion after hatching through the whole duration of the Þrst stadium. It fed primarily on the hostÕs hemolymph and moved freely in the hemocoel. It molted into a hymenopteriform L2 in Ϸ24 h, and this marked the beginning of tremendous growth of the parasitoid larvae. The L2 began to feed largely on the fat body. It molted into L3 in 10 Ð14 h and lasted to 18 Ð26 h. The L3 grew more quickly while consuming the most tissues and organs of host. When the L3 molted into a L4, there was only a little food left in the host; therefore, the L4, lasting only to 4 Ð 6 h, molted into an L5 in a very short time. In the early stage of L5 (lasting 20 Ð26 h), the host had almost been depleted. The L5 experienced a last molting to produce a prepupa. The prepupae/pupae were characterized by a halt in growth but rapid tissue differentiation. The cocoon was spun between 144 and 183 h after oviposition. After 132 to 192 h of pupal stage, the adult wasp bit the cocoon and then gnawed a hole from one side of the host pupa.
Morphology. There were Þve stadia. The Þrst instar was caudate-mandibulate, whereas second to Þfth instars were hymenopteriform. All stages completed their development within the same host.
Egg. The newly deposited egg was elongate-oval, creamy white, slightly curved, and more rounded at one end. There was no pedicel, and the chorion was hydropic, transparent, and smooth with no visible sculpture (Fig. 1B) . The micropyle, where a channel allowed the sperm access to the egg cell itself, was observed at the border end in early stage (Fig. 1C) . There was some space between the embryo and the chorion. The embryo was surrounded by a trophamnion (embryonic membrane), which was a single layer of cell immediately beneath the chorion and fully formed from the cleavage nuclei in 12 h. The cells of trophamnion began to dissociate into the space after 24 h and then released into the hostÕs hemocoel from the ruptured chorion. The embryo developed and became C-shaped when the egg was 24 Ð26 h old (Fig.  1E) . By 36 h, the mandibles showed sclerotization (Fig. 1F) , and by 46 h the cephalic capsule was fully pigmented. Between 46 and 48 h, fully developed embryo ( Fig. 1G and H) lied lightly curled within the signiÞcant three-layer membrane egg. Cephalic capsule, body segments, appendage of the prothorax, digestive system, and tail were distinguishable at 50ϫ ( Fig. 1G and H) .
There was no signiÞcant difference in dimension between fully developed ovarian eggs (0.201 Ϯ 0.025 mm in length, 0.051 Ϯ 0.013 mm in width) and newly deposited eggs (0.204 Ϯ 0.021 mm in length, 0.049 Ϯ 0.002 mm in width). During 48 h of incubation, the eggs increased greatly in size. The length of 24-h-old eggs (0.313 Ϯ 0.049 mm) increased to 1.5 times as long as the newly deposited eggs, the egg width (0.107 Ϯ 0.016 mm) up to 2 times compared with that of the newly deposited eggs. Before hatching, the 48-h-old eggs increased up to 0.454 Ϯ 0.042 mm in length and 0.191 Ϯ 0.019 mm in width, Ͼ2 times and nearly 4 times larger than those of the newly deposited eggs, respectively. During the whole process of incubation, the egg became more rounded and the color went into transparent at last.
First Instar. The Þrst instar of O. caricivorae was caudate-mandibulate with 13 segments, including three thoracic and nine abdominal segments, and a distinct sclerotized rectangular head capsule, which measured 0.150 Ϯ 0.028 mm in length and 0.179 Ϯ 0.017 mm in width (n ϭ 21). The falcate mandibles were smooth and sclerotized without teeth, and measured 0.116 Ϯ 0.013 mm in length. The mandibles, well-developed and remained constant in appearance throughout the stadium, could unfold and close freely. The Þrst instar could move promptly within the hemocoel of the host and search for other supernumerary larvae (including the conspeciÞc larvae) and kill them using its robust mandibles. The Þrst hatched parasitoid larva was always successful. One pair of mastoid antennae (only one segment) was present between the compound eyes. Three setae lay on each of the antennae. Another two setae lay between the antennae, each closed to one antenna. Lateral and dorsal regions of the larval body, the head and the appendage of the prothorax had setae, and the two-layer tail-like cauda had irregular spurs. The newly emerged Þrst instar was creamy white and partly transparent, its tracheal system was absent. The mature Þrst instar became yellow because of consuming the host, but translucent along the sides of the body. Many white fat globules scattered beneath the cuticle. A constriction of the alimentary canal was present around the segment IX, separating the midgut and hindgut. The midgut was not open to the hindgut in the Þrst instar and Malpighian tubules were absent. In early stage of this stadium, the cephalic capsule was the widest part, but in late stage the widest part was the prothorax or the mesothorax. The sclerization increased and coloration darkened from the early to the late stage of the Þrst stadium.
Second Instar. The second instar was eucephalous and bored out from the abdomen of its Þrst ecdysis. The cephalic capsule was weakly sclerotized and concave, with two irregular protuberances (probably the antennae). The semitransparent, unsclerotized mandibles were visible with careful observation. The body surface was smooth, and the segments were obvious in early stage but not easily distinguished in the late stage. The body was mostly yellow with no apparent setae, and spiracles and tracheal system were absent. The midgut began to open to the hindgut in this stadium. The second instar molted into the third instar in a short time, and the ecdysis was Þlmy and transparent. The whole body was pale yellow except the evident semitransparent cuticle.
Third Instar. The third instar was similar to the L2 but proportionally much larger and without easily visible mandibles and obvious tail. The cephalic capsule was weakly sclerotized, too, and somewhat increased in size. The body surface was smooth and the segments were not easily differentiated. The midgut was fully open to the hindgut in this stadium, and the tracheal system and spiracles were still absent. The developmental time of the third instar was longer than that of the Þrst and second instars, and the ecdysis was signiÞcantly thicker than that of the second instar. The whole body was pale yellow.
Fourth Instar. The sclerization and dimension of the fourth instar increased signiÞcantly. Mandibles were the most sclerotized part, but only the heavily sclerotized falcate blade of mandible was visible in this stadium. The head became round, body segments were obvious, cuticle and head were densely covered with setae, but the intersegmental folds and the last semitransparent segment were smooth. The dendritic tracheal system was visible through the integument with 10 pairs of spiracles present on thoracic segments and on abdominal segments IÐVII in this stadium. The ecdysis became pale yellow and much thicker than that of the third instar.
Fifth Instar. The Þfth instar was the most sclerotized instar. The body segments were obvious, pale yellow in the early stage, but gray-white in the late stage. The smooth mandibles (0.050 Ϯ 0.009 mm in length) were visible, with distinct anterior and rectangular posterior articulation. The anterior part of mandibles was triangular, and the posterior was quadrate, slightly curved sometimes.
The cephalic capsule of the Þfth instar had a highly sclerotized structure, consisting of pleurostoma and hypostoma. The pleurostoma inserted with inferior mandibular process and superior mandibular process, without labial sclerite and prelabial sclerite. The hypostoma joined into hypostomal spur with its end apart from the stipital sclerite. The maxillae and labium integrated with hypopharynx to form a slightly curved oriÞce of silk press. Both the maxillary and labial palpi were ßat, and each of them had two sensillae. A new structure, namely, transverse sclerite, was found to locate between the maxillary palpi (Fig. 2H) .
The body cuticle and head were densely covered with setae. The ecdysis of the last larva was the thickest and with the heavily yellow color. There were many white fat globules present through the whole larval stages, larger and more obvious in later instars than those in younger instars.
Prepupa and Pupa. In the prepupal stage the body segments were more obvious, with body shortened and broadened, and constricted at about its midlength. The sclerotized cephalic structures and the thoracic callosities reached the darkest color in the prepupa. Thoracic segments were much narrower than those of abdomen. Other structures such as antennae and legs were invisible in this stage. The whole body was yellow and densely covered with microvilli.
The puce larval meconium was visible through the integument of the abdomen.
The cocoon was spun in 164 Ϯ 17 h (n ϭ 19) after the oviposition. The newly spun cocoon was silver white, translucent, and covered with the loose silk network. The pupa was initially creamy white except for the red-pigmented compound eyes and brown ocelli. The compound eyes were smaller and lightcolored compared with the eyes of host. The head of the wasp was round and the head of the host is tapered. Other structures such as thorax and abdomen were obvious; antennae and legs adhered to the surface of the medium-term and old pupa. The parasitized host pupa was easily differentiated from the normal pupa by observing the parasitoid head through the shell of the host pupa in the late stage. The parasitoid pupa was exarate. The entire pupa gradually became yellowish and then brownish in parts with black eyes during the pupal development.
Discussion
The functional types of the chorion have been described for parasitic wasps as anhydropic and hydropic Flanders 1942) . Anhydropic eggs have a large enough quantity of yolk for subsequent embryonic development, whereas hydropic eggs have insufÞcient yolk and must absorb nutrition from the host through the chorion (Ferkovich and Dillard 1986, Consoli and Vinson 2004) . Hydropic eggs occur widely in the parasitic Hymenoptera and are predominantly composed of lipids, once laid inside the hosts, they usually swell greatly over a period of hours to days (Schlinger and Hall 1960 , Le Ralec 1995 , Quicke 1997a .
The chorion of O. caricivorae is hydropic, and it may have another function of protection by enclosing the larva during the whole Þrst stadium. The parasitoid eggs have low yolk, and they absorb nutrition from the host hemolymph through the chorion, with the size increasing Ͼ2 times during the 48-h incubation. These may induce changes in the amino acid composition and protein proÞle of the host hemolymph (Antony et al. 2004, Consoli and Vinson 2004) .
Types of Hymenoptera larvae are perplexing, with Ͼ10 larval types only in the Apocrita. It is difÞcult to conÞrm the number of the instars, especially in the endoparasitoids. The larvae of Microplitis mediator (Haliday) (Arthur and Mason 1986) , Peristenus digoneutis Loan (Carignan et al. 1995) , and Coptera occidentalis (Muesebeck) ( Kazimṍrová and Vallo 1999) have been divided into three instars. Aphidius nigripes Ashmead (Paré et al. 1979) , Praon pequodorum Viereck (Chow and Sullivan 1984) , Ganaspidium utilis Beardsley (Petcharat and Johnson 1988) , and Anaphes sp. (Boivin et al. 1993 ) have four instars, respectively. There are Þve instars in Opius obscurator (Bouch) (Juillet 1960) , Banchus flavescens Cresson (Arthur and Mason 1985) , and Metaphycus ericeri Su et Jiao (Jiao and Zhao 1999) . Juillet (1960) used the length of the mandibles as the criterion for separating instars. But, there is still much confusion in the literature over the number of intermediate instars in many subfamilies (Shaw and Huddleston 1991) . The intermediate instars have been overestimated more often than underestimated given by particularly careful studies (OÕDonnell 1987a (OÕDonnell , 1987b ; on species of Aphidiidae, Shaw and Huddleston 1991) .
Our results supported the conclusion that O. caricivorae had Þve instars. The times of molting were the credible evidence, but not all the larval ecdyses of each instar were easily discovered. We did not Þnd the whole ecdysis of the second instar but only the cephalic capsule. The rapid degradation and/or thinness of empty cuticle could be the explanation and might be an adaptation for waste avoidance within the host (Muratori et al. 2004) . Counting ecdysis of larva in vitro reared could provide the unequivocal evidence to determine the number of instars (Pennacchio and Digilio 1990) . But, there are many difÞculties to be solved in rearing hymenopteran parasitoids in vitro (Nettles 1990 , Quicke 1997b .
The Þrst and last instars of the most braconid larvae are distinctive morphologically (OÕDonnell 1987b , Shaw and Huddleston 1991 , Carignan et al. 1995 . Morphological characteristics of the Þrst and Þnal instars, especially the characteristics of cephalic structures of the Þnal instar, play an important or complementary role in identiÞcation and classiÞcation of hymenopteran parasitoids (Finlayson, 1967 (Finlayson, , 1990 Capek 1970; OÕDonnell 1989) . We found a new structure, transverse sclerite, in cephalic structure of the Þnal instar of O. caricivorae, but we are not sure whether it is unique for this species, and it could be used to separate this species from other Opius spp. Moreover, well-developed sensory structures, especially the bristles of the head, can be used by parasitoid larva to recognize or localize competitor(s) as shown in Cardiochiles nigriceps Viereck Mourad 2000, Muratori et al. 2004 ). The puce meconium of O. caricivorae is visible in the prepupal stage and voided until adult emergences as in some genera of opiine and alysiine (Pemberton and Willard 1918, Salkeld 1967) .
Superparasitism is common in parasitic wasps. In the presence of superparasitism, competition between developing larvae for possession of the host must occur (Fisher 1961) , such as in Praon pequodorum Viereck (Chow and Sullivan 1984) , Ascogaster reticulatus Watanabe (Kawakami and Kainoh 1985) , Peristenus digoneutis Loan (Carignan et al. 1995) , and Aphidius rhopalosiphi De Stefani Perez (Muratori et al. 2004 ). The Þrst emerged larva is always the survival.
In conclusion, our study adds information about immature morphology and development of O. caricivorae, particularly with respect to morphology of the embryo and the head capsules the Þrst instar and last instar.
